
Renal clearable nanocarriers: Overcoming the physiological 
barriers for precise drug delivery and clearance

Chuanqi Peng1, Yingyu Huang1, Jie Zheng*

Department of Chemistry and Biochemistry, The University of Texas at Dallas, 800 West 
Campbell Road, Richardson, TX 75080, USA

Abstract

Physiological barriers encountered in the clinical translation of cancer nanomedicines inspire the 

community to more deeply understand nano-bio interactions in not only tumor microenvironment 

but also entire body and develop new nanocarriers to tackle these barriers. Renal clearable 

nanocarriers are one kind of these newly emerged drug delivery systems (DDSs), which enable 

drugs to rapidly penetrate into the tumor cores with no need of long blood retention and escape 

macrophage uptake in the meantime they can also enhance body elimination of non-targeted 

anticancer drugs. As a result, they can improve therapeutic efficacies and reduce side effects of 

anticancer drugs. Not limited to anticancer drugs, diagnostic agents can also be achieved with 

these renal clearable DDSs, which might also be applied to improve the precision in the gene 

editing and immunotherapy in the future.
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1. Introduction

The concept of “magic bullet” in cancer treatment, proposed initially by Paul Ehrlich over a 

century ago, compels therapeutic agents in the body to differentiate and target cancerous 

tissues from healthy ones [1–3]. However, most anticancer drugs in systemic delivery 

show weak selectivity to tumors but permeate everywhere and destruct both cancer and 

normal cells, resulting in the limited therapeutic efficacy but severe side effects. During 

the recent decades, numerous drug delivery systems (DDSs) in nano-scale (10–200 nm) 

have been developed in order to improve the efficacy and reduce side effects of carried 

small-molecule drugs compared to conventional free-drug formulations [4–7]. After being 

loaded on the engineered nanoparticles (NPs) of sizes above kidney filtration threshold 
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(KFT) [8,9] and interendothelial junctions [10] (approximately 6 nm), the carried drugs 

can circulate in bloodstream for long time by escaping the rapid renal elimination as well 

as permeation across normal vasculatures, and then accumulate in tumor environment with 

higher selectivity through the enhanced permeability and retention (EPR) effect [11]. This 

EPR-based targeting strategy has long been the fundamental principle in the design and 

practices of NP-based anticancer drug delivery.

Despite high expectations from both researchers and patients for the clinical translation of 

such concept, cancer nanomedicines suffered a setback in recent years due to the mixed 

results in clinical investigation and translation. The well-known PEGylated liposomal DDSs 

(drug-encapsulated liposomes with poly(ethylene glycol), PEG, coating), as the earliest and 

major type of commercially available nano-formulations in clinics, have been proven to 

significantly increase the solubility and prolong blood circulation half-lives of loaded drugs 

for delivery [12,13]. However, a recent meta-analysis on the clinical trials from 1990 to 2015 

revealed no significant improvement in patient survival using such PEGylated liposomal 

formulations (i.e., Doxil) compared to the conventional small-molecule drug, doxorubicin 

(DOX) [14]. Meanwhile, BIND Therapeutics, one of the leading nanomedicine companies, 

declared bankruptcy in 2016 due to the disappointing results of its polymeric nanocarriers in 

clinical trials for active cancer targeting [15]. With more rigorous investigation, Chan et al. 

discussed and pointed out that few nanomedicines currently entering the clinical phases were 

emphatically exploiting the newly developed nanotechnology for the effective treatment of 

solid tumors [16].

The slow clinical translation for many cancer nanomedicines has prompted a revisit of 

NP-based drug delivery at a more fundamental level [17]. After surveying a variety of 

cancer-targeting NPs in the past ten years, Chan et al. reported that only 0.7% (median) of 

the administrated NPs was delivered into solid tumors [18], which set forth the discussion 

of the “delivery problem” to current nanomedicines [19,20]. In the meantime, many 

ground-breaking understandings have been accomplished towards the various physiological 

and pathophysiological barriers to cancer nanomedicines during the in vivo transport and 

delivery processes [21–23], from the mononuclear phagocyte system (MPS), abnormal 

tumor vasculature, to tumor microenvironment (TME), etc. These emerging breakthroughs 

would significantly advance more insights in the strategic design and practice of next-

generation nano-DDSs. With increasing fundamental explorations in these physiological 

barriers, developing novel strategies that can successfully tackle these roadblocks and 

improve the delivery effectiveness is highly desired for the future clinical translation of 

cancer nanomedicines [24–26].

Distinct from the current delivery strategies using large-sized nanomedicines, renal clearable 

NP-based DDSs have recently been developed with unique physiological behaviors: Due 

to the ultrasmall sizes (< 8 nm), these nanocarriers with ultrahigh vascular permeability 

enable drug delivery into more population of tumor cells for improved efficacy; meanwhile, 

the DDSs with sizes near or smaller than the KFT can be eliminated effectively through 

renal excretion, which significantly reduces DDS uptake by macrophage system (i.e., liver 

and spleen) and minimizes long-term accumulation of off-target drugs in healthy tissues. 

These strengths of renal clearable nanocarriers in the in vivo targeting and elimination may 

Peng et al. Page 2

J Control Release. Author manuscript; available in PMC 2021 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



address many underlying challenges faced by many currently engineered non-renal clearable 

nanomedicines. In this review, we briefly overview the critical physiological barriers to 

current nanomedicines, and more importantly, summarize some newly proposed delivery 

strategies that could resolve some specific challenges during the circulation, targeting and 

elimination processes. Then, we introduce the renal clearable NP-based delivery strategy and 

discuss how these renal clearable nanocarriers can potentially overcome these physiological 

barriers for precision drug delivery and clearance, allowing for improved therapeutic index 

by enhancing both efficacy and safety concurrently. We believe that renal clearable DDSs 

with such unique strengths in drug delivery will offer new opportunities to facilitate the 

clinical translation of cancer nanomedicines.

2. Physiological barriers and emerging delivery strategies

Nanomedicines are engineered to accumulate in cancerous tissues at high concentrations 

and selectively interact with cancer cells (Fig. 1A). Upon systemic administration, the 

engineered DDSs generally take a sequential in vivo transport route towards cancer targeting 

and treatment, including: 1) circulation in bloodstream, 2) extravasation across tumor 

vasculature into TME, 3) penetration within tumor interstitial space to reach cancer cells, 

and 4) internalization by cancer cells (Fig. 1B). While these nanomedicines are expected 

to have increased tumor targeting, delivery and efficacy, the side-effect and toxicity of off-

target therapeutics are mainly governed by the systemic clearance pathway and nonspecific 

accumulation in other organs (Fig. 1C) [27–29]. During the past decade, the physiological 

barriers during these in vivo transport processes have been identified and found to 

significantly limit the delivery effectiveness of a great number of cancer nanomedicines, 

which has been extensively reviewed by others in detail [5,7,21–23,25,30]. In this section, 

after briefly introducing the physiological barriers along the systemic delivery route, we 

dedicate to summarizing the newly emerged delivery strategies (in nanoparticle design and 

physiological remodeling, Fig. 2) that are intended for overcoming these barriers so as to 

offer more fundamental understandings and perspectives in the future practice and success of 

nanomedicines.

2.1. Mononuclear phagocyte system

The MPS represents one of the most important barriers in systemic delivery of 

nanomedicines [31]. As a part of the immune system, the MPS consists of a class of 

phagocytic cells (monocytes and macrophages) mainly located in liver, spleen and lymph 

nodes. Due to the opsonization of NPs via plasma protein adsorption, the administrated 

nanomedicines in bloodstream may be immediately sequestered by the liver and spleen 

through phagocytosis, resulting in shortened circulatory half-life in pharmacokinetics 

and limited tumor targeting [32,33]. Clearance mechanism of nanomaterials by liver 

has been thoroughly elucidated by Chan et al. in relation to blood flow dynamics, 

organ microarchitecture and cellular phenotype [34]. The interaction of NPs with liver 

nonparenchymal cells (e.g., Kupffer cells and sinusoidal endothelial cells) determines the 

elimination fate [29]. Moreover, the formation of protein corona will dramatically change 

the physicochemical properties of functionalized NPs (including hydrodynamic diameter, 

Peng et al. Page 3

J Control Release. Author manuscript; available in PMC 2021 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HD, and surface charge), and thus affect the nanoparticle pathophysiological fate [35] and 

impair the targeting capability of active-targeting ligands (e.g., transferrin) [36,37].

Current strategies to escape rapid MPS uptake and blood clearance emphasize on resisting 

nonspecific protein binding of nanomedicines to prolong their blood circulation [30]. PEG 

surface coating or PEGylation has long been recognized as a feasible approach to prevent 

protein adsorption onto nanomaterials due to the hydration of ethylene glycol and resulting 

steric hinderance (Fig. 2A) [38–40], in particular, since the FDA approval of PEGylated 

liposomal doxorubicin (Doxil) for clinical cancer treatment in 1995 [41]. Notably, the effect 

of PEGylation on blood circulation half-life is closely related to the PEG chain length, 

core size of NPs and surface PEG density [40,42–44]. In general, blood circulation half-life 

of NPs increases with the increase of PEG chain length [45,46] or with the decrease of 

particle core size [47]. Meanwhile, Farokhzad et al. reported that, for PEG-PLGA NPs (55, 

90 and 140 nm) with surface PEG (5 kDa) density below ~20 PEG chains per 100 nm2, 

blood circulation of NPs increases with the increase of surface PEG density or decrease of 

particle size [48]. Surprisingly, when the surface PEG density is above this critical value, 

the NPs exhibit roughly the same blood circulation profiles, irrespective of particle size. 

However, a follow-up question to this is whether such threshold in surface PEG density 

for PEG 5 kDa can be applied to the PEG ligands of other chain length. In addition, 

prolonged blood circulation of nanomedicines can also be achieved by surface coating 

with other ligands, including zwitterionic ligands, cell membrane, and “self” peptides, 

etc. Similar to PEG, zwitterionic or mix-charged ligands protect nanomaterials against 

protein binding due to electrostatically induced hydration [49–53]. Furthermore, Zhang et 

al. developed polymeric NPs camouflaged by membrane of erythrocytes [54] as well as 

other cells [55–57], which exhibited 2.5 times longer circulatory half-life compared with 

PEGylated counterpart. Discher et al. attached a CD47 ‘self’ peptide to virus-size NPs to 

delay macrophage-mediated blood clearance and enhance delivery to tumors [58]. With most 

of the research efforts dedicated to NP design, a recent study suggests that depletion of liver 

macrophages (Kupffer cells) can increase NP delivery to tumors by reducing nonspecific 

liver uptake and prolonging blood circulation (Fig. 2B) regardless of tumor type, NP size 

and material [59], which may open a new path to enhance nanomedicine delivery through 

physiological remodeling.

2.2. Abnormal tumor vasculature

Solid tumors develop tortuous and chaotic neovasculature by yielding excessive 

proangiogenesis factors such as vascular endothelial growth factor (VEGF) in order to meet 

their increasing metabolic demands [3,60,61]. Structural abnormalities of tumor vasculature 

are often characterized as larger junctions between endothelial cells, detached pericytes 

and abnormally thick or thin basement membrane [62–64]. Such abnormalities permit the 

enhanced vascular permeability and tumor accumulation of circulating NPs, while the poorly 

developed lymphatic drainage further retains NPs in TME. This gives rise to the most 

well-known pathophysiological phenomenon in tumor – the EPR effect [11]. Even though 

tumor targeting through NP extravasation has been the primary principle in the strategic 

design of engineered nanomedicines, the pathophysiological features of tumor vasculature 

also hinder intratumoral transport and drug delivery of nanomedicines [21]. Blood flow rate 
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can be greatly compromised and heterogeneous in tumor vasculature due to the solid stress 

during tumor growth as well as dysfunctional lymphatic drainage and resulting elevated 

interstitial fluid pressure (IFP) [65–68]. Jain et al. reported that the IFP uniformly elevates 

in the tumor core and drops back to normal in the tumor margin [67,69,70]. Additionally, 

the excessive blood vessel leakiness leads to plasma escape, hemoconcentration, and thus 

creating blood flow stasis [71–73]. As a result, the elevated IFP and poor blood perfusion 

in tumors impair NP extravasation into tumor interstitium and delivery efficiency [74]. Due 

to the elevated IFP and resulting impaired vascular permeability, the hindered intratumoral 

mass transfer further induces hypoxia and low extracellular pH in TME, causing resistance 

to radiotherapy and chemotherapy and also increasing chance of tumor metastasis [21].

To understand how to overcome the pathophysiological barrier imposed by tumor 

vasculature, engineered nanomaterials with distinct physicochemical properties (size, 

surface charge, shape/geometry and softness, Fig. 2C) have been evaluated. Size dependency 

in NP extravasation was mostly investigated using engineered non-renal clearable NPs with 

size range (10–200 nm) above the KFT. These engineered NPs with smaller sizes possess 

greater vascular permeability, which usually extravasate at faster rates across interendothelial 

junctions compared to larger NPs [65]. For instance, the 90-nm liposome showed 6 times 

reduced permeability and much more heterogeneous distribution in human tumor xenograft 

compared with 6-nm bovine serum albumin [75]. In terms of NP shape, while rod-shape NPs 

may extravasate faster in tumor than spherical NPs [76], the correlation of permeability 

with NP shape still varies significantly among different tumor models as reported by 

Gambhir et al. using quantum dots (QDs) and single-walled carbon nanotubes (SWCNTs) 

in SKOV-3, U87MG and LS174T tumor models [77]. More recently, Liang et al. reported 

that the NP softness also plays a critical role in regulating drug delivery efficiency by 

enhancing the extravasation, penetration and preferential uptake by highly tumorigenic 

tumor-repopulating cells [78]. In contrast to the EPR-mediated NP extravasation, it is worth 

noting that many reports also proposed NP extravasation by transcellular transport through 

endothelial cells [79–82]. When it comes to the transcellular transport mechanism, the 

cationic NPs can be more effectively taken up by endothelium and therefore penetrate 

into broad tumor tissues through caveolae-mediated endocytosis and transcytosis [79,83]. 

While cationic NPs typically exhibit shorter blood circulation, Shen et al. reported the 

polymer-drug conjugate that changes into positive charge state in tumor vasculature through 

γ-glutamyl transpeptidase (GGT)-triggered charge reversal to facilitate transendothelial and 

transcellular transport for the relatively uniform intratumoral distribution [79]. Moreover, 

coadministration of tumor-penetrating peptide – iRGD with NPs have shown increased 

vascular permeability for DDS extravasation via neuropilin-1 (NRP-1)-mediated endocytic 

transport [80,84].

Aside from overcoming abnormal vasculature barrier through NP design, Jain et al. 

proposed normalization of tumor vasculature through antiangiogenic therapy to alleviate 

hypoxia by increasing oxygen supply and to enhance the efficacy of conventional 

therapies as well as immunotherapy [85–87]. Tumor angiogenesis is triggered by the 

overexpression of proangiogenic factors such as VEGF over antiangiogenic factors such 

as sVEGFR1 and thrombospondins [86,88]. Administration of anti-VEGF agents (e.g., 

bevacizumab) helps neutralize the excessive VEGF and remodel tumor vasculature to 
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normal by narrowing the interendothelial junctions and increasing tumor perfusion (Fig. 

2D) [89,90]. While the narrowed interendothelial junctions sacrifice vascular permeability, 

one question that normally arises here is how vascular normalization would improve the 

efficacy of nanomedicines. With further investigation, Jain et al. demonstrated that vascular 

normalization favors small therapeutic agents (10-nm Abraxane) rather than large ones 

(100-nm Doxil) [85]. These combination therapies involved in vascular normalization hold 

great promise to extend survival of cancer patients as well as to enhance the prospects 

of developing curative treatment for different cancers [87,90]. On the other hand, some 

strategies aim to further open up the interendothelial junctions for NP extravasation by 

using hyperthermia or excess VEGF [91–94], however, some concerns remain such as the 

increased risk of metastasis due to intravasation of cancer cells into circulation.

2.3. Tumor microenvironment

After extravasation from tumor blood vessels, DDSs need to penetrate through TME in order 

to reach and interact with tumor cells [74]. There are several characteristics of TME (Fig. 

1A): the dense extracellular matrix (ECM), high IFP, hypoxia (due to insufficient oxygen 

supply) and low extracellular pH (due to deregulated glucose metabolism, also known as 

the Warburg effect). ECM consists of a cross-linked network of collagen and elastin fibers, 

proteoglycans and hyaluronic acid. Together these compositions provide structural integrity 

of solid tumors [95,96]. The presence of dense ECM and high IFP serves as the formidable 

physical barrier that impedes interstitial transport of nano-DDSs [75,85,97]. Meanwhile, 

biological barriers, including nonspecific uptake by perivascular stromal cells (e.g., tumor-

associated macrophages, TAMs), also limit DDS penetration and targeting to cancer cells 

[98,99]. Hypoxia is known to not only aid the cancer metastasis and progression [100] 

but also diminish the therapeutic outcome of various therapies such as chemotherapy, and 

photodynamic therapy that requires effective activity of oxygen [101–103]. Furthermore, the 

acidic condition of tumor environment affects penetration of DDSs by changing their overall 

charge state, affinity to ECM components, as well as further interaction with cancer cells.

Extensive research efforts have been dedicated to enhancing the intratumoral penetration 

of engineered NPs by tuning their physicochemical properties. Initially, most fundamental 

understandings focused on the nanoparticle interaction with and penetration (via passive 

diffusion) in the TME. Within tumor interstitium, NPs with smaller sizes diffuse faster, 

whereas elongated nanomaterials (i.e., nanorods) may transport more rapidly and distribute 

more uniformly than spherical NPs (Fig. 2E) [76]. In addition, the neutrally charged 

NPs penetrate more uniformly than the cationic, ionic or zwitterionic counterparts as 

a result of less electrostatic hindrance by the charged ECM components (for example, 

collagen fibers are slightly positively charged, while proteoglycans and hyaluronic acid are 

highly negatively charged). In contrast to the nanoparticle diffusion in TME, a number 

of engineered DDSs also enable the transcellular transport throughout tumor tissues via 

the caveolae/clathrin/receptor-mediated endocytosis and transcytosis [104]. For instance, 

by taking advantage of the caveolae-mediated transcytosis, cationic or cationized DDSs 

have been reported to penetrate deeper across multi-layer cancer cells and distribute 

broadly in the TME [79,105]. In addition, the coadministration of tumor-penetrating peptide 

(iRGD) enhances the intratumoral penetration of DDSs and free drugs through the receptor 
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(NRP-1)-mediated transport and improves efficacy among multiple tumor models [80,81]. 

Such transcytosis-mediated extravasation and penetration may offer a viable solution to 

circumvent the many physical and biological barriers imposed by the abnormal tumor 

vasculature and hostile TME.

Other approaches to overcome the penetration barriers involve in the strategic design of 

stimuli-responsive DDSs [106,107]. For example, Shen and Wang et al. reported DDSs 

that can switch the surface charge from negative or zwitterionic to positive in the acidic 

TME to increase penetration and enhance cellular interaction [108,109]. Meanwhile, Wang 

and Nie et al. developed pH-responsive clustered NPs (100 nm) that discharge ultrasmall 

DDSs (platinum prodrug-conjugated dendrimers, ~5 nm) in acidic TME for the enhanced 

intratumoral delivery [110]. Moreover, Gao et al. reported the transistor-like ultra-pH-

sensitive (UPS) NPs that utilize a pH-triggered disassembly mechanism and thus enable 

precision tumor detection and potential delivery [111]. Similar to the acidic pH condition, 

tumor hypoxia can also be considered as validated target via the approaches including 

bioreductive prodrugs and inhibitors of molecular targets upon which hypoxic cell survival 

depends [101].

Physiological remodeling of TME has also been proposed to enhance the penetration of 

DDSs during the recent two decades. Matrix modifiers, such as bacterial collagenase, 

relaxin, and matrix metalloproteinases (MMP-1 and MMP-8), have been investigated to 

degrade the collagen or proteoglycan networks (Fig. 2F) and to improve the convection 

and efficacy of intratumorally injected therapeutics (oncolytic viruses) [112–114]. Other 

strategies to enhance NP penetration include dilating the pores of ECM by co-infusion 

of NPs with hyperosmolar mannitol solution or hypertonic buffer solution [115] and pre-

treating tumor with hyaluronidase [116]. However, these agents also induce normal tissue 

toxicity (for the bacterial collagenase) or increase the risk of tumor progression (for relaxin, 

MMPs, and hyaluronidase). Later, losartan, a clinically approved angiotensin II receptor 

blocker (ARB), was investigated and found to improve the intratumoral penetration and 

efficacy of systemically administered nanotherapeutics to highly fibrotic solid tumors such 

as pancreatic adenocarcinomas [117]. It would be meaningful to further understand how 

these enzymatic modifiers fundamentally affect the targeting, transport and retention of 

administrated DDSs as well as their interactions with tumor cells.

2.4. Cellular internalization

Many nanomedicines are intended to actively target cancer cells for effective cell-specific 

treatments (i.e., genome editing, peptide inhibitors and nucleic acid therapies), however, 

these active-targeting therapeutics entering the tumor environment are often hindered 

considerably not only due to the ECM barrier but also due to the massive uptake by 

non-cancer cells. The solid tumors are known to consist of multiple cell types, including 

cancer cells, and non-cancer cells such as endothelial cells, pericytes, fibroblasts, TAMs, 

and immune cells. A recent study by Chan et al. reported that less than 14 out of 1,000,000 

intravenously administrated active-targeting NPs were delivered to the targeted cancer cells 

in tumor, and only 2 out of 100 cancer cells interacted with these NPs, as a result of 

acellular regions and TAMs serving as the greatest intratumoral barriers [99]. Another study 

Peng et al. Page 7

J Control Release. Author manuscript; available in PMC 2021 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by Huang et al. also found 7 times higher uptake of NPs by tumor-associated fibroblasts 

compared to other cells including cancer cells [118]. These quantitative results suggest 

that fundamental understanding on the cellular interaction and intratumoral fate of DDSs 

is critical to future nanomedicine design for therapeutic improvement. Meanwhile, the 

quantitative analysis and correlation of targeting efficiency with therapeutic efficacy are also 

demanded in order to evaluate the performance and potential for different delivery strategies 

[119]. Other biological factors such as vesicular and organellar barriers and drug efflux 

transporters have been thoroughly reviewed elsewhere and will not be discussed in detail 

here.

To overcome the final biological barrier that governs the cellular interaction of 

nanomedicines, various delivery strategies have been investigated at in vitro or in vivo 

level with regards to the nanoparticle design and physiological remodeling as well. The 

underlying critical objective is to enhance the affinity of NPs towards cancer cell membrane. 

A viable approach is the active targeting by modifying DDS surface with targeting 

ligands that specifically bind to the overexpressed receptors on specific cancer cells, for 

example, cRGD peptide, anti-human epidermal growth factor receptor 2 (HER2), single-

chain variable fragments (scFv). Meanwhile, the engineered NPs not only work as simple 

carriers but also play an active role in mediating biological effects: an optimal size of about 

50 nm has shown the greatest efficiency for cellular uptake of NPs [120], whereas more 

hydrophobic and positively-charged NPs hold higher affinity in cell-membrane penetration 

and internalization (Fig. 2G) [121]. Other strategies to overcome such cellular barrier focus 

on remodeling the cellular environment of solid tumors by eliminating the competing 

nanoparticle internalization from non-cancer cells (i.e., TAMs, fibroblasts, Fig. 2H). The 

depletion of TAMs using clodronate liposomes has been investigated with significant 

inhibition of tumor progression, angiogenesis and metastasis in the preclinical studies [122–

124]. Furthermore, Olive et al. discovered that depleting tumor-associated stromal tissue 

by inhibiting the Hedgehog cellular signaling pathway can also enhance the efficacy of 

chemotherapy [125].

3. Renal clearable delivery strategy

3.1. Renal clearable NPs for cancer targeting

3.1.1. Renal clearable NPs—While increasing number of engineered NPs have been 

investigated as potential nanocarriers for cancer therapy, the elevated liver accumulation 

and retention (30–99% of the injected NPs) remains one formidable challenge for 

most administrated NPs, especially for the inorganic, non-degradable or so-called hard 

nanomaterials [27,28,34]. In contrast to the nanoparticle uptake in liver macrophage and 

resulting slow hepatic clearance, the renal excretion through kidney filtration may offer a 

much more effective clearance pathway for the ultrasmall sized NPs. With more precise 

determination of the KFT [9,126], the administrated NPs of size (in HD < 10 nm) near or 

below the KFT can be renally clearable at high efficiency. In general, the renal clearable 

NPs are these administrated NPs that particularly have the renal clearance efficiency of 

more than 50% injection dose (ID) within a short period of time (i.e., 48 h post-injection, 

p.i., Table S1). This is of great significance to minimize the body accumulation and long-
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term exposure of hazards for safety regulation compared to the non-renal clearable NPs 

of larger size. During the past decade, many renal clearable ultrasmall NPs have been 

developed. Some representative NPs are shown in Fig. 3A–G, as well as Table S1 in 

supplementary information [9,53,127–141], including the quantum dots (QDs), silica NPs 

(C-dots), carbonaceous dots, polymeric NPs (H-dots), PEGylated conjugates/NPs as well 

as noble metal (such as gold and silver) nanoparticles or nanoclusters (NCs), etc. With 

more investigation, such efficient renal clearance has been found to attribute not only to 

the ultrasmall NP size for renal glomerular filtration but also to a passivated zwitterionic or 

PEGylated surface coverage so that the serum protein adsorption and resulting MPS uptake 

of NPs can be significantly minimized [9,51,53]. To be noted, renal elimination can also 

be achieved with small-molecule probes [142,143], biodegradable nanomaterials [144–147], 

as well as several large nanomaterials such as the single-walled or multi-walled carbon 

nanotubes (SWCNTs or MWCNTs, respectively, Fig. 3H and I) [129,148].

Moreover, a myriad of renal clearable NPs have been used in the tumor targeting and 

imaging and found significantly improved tumor selectivity or tumor-to-background ratio 

[53,149]. Firstly, this is fundamentally because these ultrasmall NPs can rapidly extravasate, 

distribute and retain in tumor tissues due to their high permeability in tumor vasculature 

and microenvironment [119,150]. By comparing the nanoparticle distribution in blood, 

tumor as well as background tissues, more evidences suggest that the ultrasmall NPs 

can outperform larger NPs in the transvascular and interstitial transport in various types 

of tumors [53,85,119,149,150], even though the proposed EPR effect initially favors non-

renal clearable NPs for high tumor accumulation from the conventional view point [6,11]. 

Secondly, the improved tumor selectivity also results from the rapid elimination of renal 

clearable NPs from healthy tissues as well as bloodstream, which greatly decreases the 

background signals for enhancing tumor contrast [53,149,151]. Since rapid renal elimination 

of NPs considerably reduces the body accumulation and potential toxicological concerns, 

renal clearable C-dots have been evaluated in the clinics as multi-modality probes for cancer 

imaging [152] and renal clearable AuNPs have been investigated in non-human primates for 

potential disease diagnosis and clinical translation in future [153].

3.1.2. Passive and active targeting of renal clearable NPs—Renal clearable NPs 

have shown great potential in the cancer diagnosis due to their increased tumor selectivity by 

the rapid intratumoral diffusion, tumor retention and also efficient background elimination. 

Nonetheless, these NPs are generally not considered as suitable candidates to deliver 

anticancer drugs into solid tumors at sufficient concentration compared to conventional 

non-renal clearable NPs, which are typically of increased nanoparticle dimensions for the 

prolonged blood circulation. This is mainly because these ultrasmall NPs cannot retain 

in bloodstream for long time for further accumulation in tumor tissues based on the 

abovementioned EPR effect. Therefore, a fundamental challenge for these renal clearable 

NPs is whether they can actually accumulate in tumor site at sufficient concentration for 

drug delivery. To answer this question, we summarized some representative renal clearable 

NPs in the literature for both passive and active tumor targeting (Tables S1 and S2 in 

supplementary information, respectively) and plotted these results in Figs. 4 and 5. The 

“renal clearable” NPs would typically have the efficient renal clearance of more than 50% 
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ID in the short term (i.e., 48 h p.i.), as shown in Fig. 4. Meanwhile, other NPs reported 

with a lower renal clearance efficiency (10–50% ID) was denoted as “insufficiently renal 

clearable”, which was also summarized here for a more comprehensive comparison and 

analysis. As a result, the engineered NPs with more efficient renal clearance (> 80%ID) 

would indeed have a lower efficiency in passive targeting (< 3%ID/g, Fig. 4). This is 

understandable because the more rapid renal elimination will drastically decrease the blood 

retention of NPs and resulting tumor accumulation. Therefore, a tradeoff exists between 

the tumor targeting and renal clearance for these ultrasmall NPs at the range of kidney 

filtration threshold (~6 nm), where the renal clearable NPs can have the enhanced tumor 

targeting while maintaining high efficiency of body elimination. Such small size EPR 

effect has also been discussed recently by Choi et al. by using polymeric NPs, which 

shows the polymeric NPs (< 12 nm) can achieve enhanced tumor-to-background ratio by 

both improved EPR-based tumor targeting and efficient renal clearance [154]. In addition, 

renal clearance can also be affected by the difference in particle shape and flexibility in 

physiological environment: NPs that are rigid and globular structured have the KFT at about 

6 nm, whereas, the NPs that are flexible and linear shaped such as PEG chains remain 

renal clearable at 12 nm in HD [154,155]. In contrast to the prevailing renal clearable NPs, 

we reported that the 5.5 nm renal clearable PEGylated gold nanoparticles (PEG-AuNPs) 

can exhibited significantly higher tumor targeting efficiency (to MCF-7 human breast 

adenocarcinoma xenograft) with above 8%ID/g from 1 to 12 h post-injection (asterisk (*) 

in Fig. 4) [51], which may attribute not only to PEGylated surface coating for prolonging 

circulation but also to the stronger margination effect in the tumor blood flow for the 

NPs with greater density (i.e., AuNPs vs AgNPs) [156] and resulting NP extravasation. 

Therefore, such NPs with both high targeting and renal clearance may serve as desirable 

renal clearable nanocarriers for the passive tumor targeting and effective drug delivery.

In addition to the passive targeting, renal clearable NPs may also target tumors at high 

selectivity via the active targeting strategy. This has been achieved by these ultrasmall 

NPs with conjugation of specific targeting moieties to many cancer-specific receptors or 

antigens so that the targeted renal clearable NPs can interact with these cancer cells via 

molecular recognition (i.e., ligand-receptor, antigen-antibody interactions). During recent 

years, Bradbury et al. have successfully used renal clearable C-dots (or C′-dots) to target 

a variety of in vivo tumor models by exploiting this active targeting strategy, which 

involved in the targeting of αv integrin [157,158], melanocortin-1 receptor (MC1-R) [159], 

prostate-specific membrane antigen (PSMA) [160] and human epidermal growth factor 

receptor 2 (HER2) [161]. In the meantime, Zhang et al. reported that renal clearable 

manganese-doped iron oxide NPs conjugated with monocyclic peptides could target the 

tumors with overexpression of CXC chemokine receptor 4 (CXCR4) at high efficiency 

(~15.9%ID/g) in the presence of an external magnetic field [162]. As a result, with the 

targeted strategy, the renal clearable NPs have achieved much higher targeting efficiency 

(2.6-fold increase, median, Fig. 5) among many cancer types compared to the non-target 

ones, which allows for the enhanced tumor targeting for those NPs even with the more 

rapid body elimination (~80%ID). Among these reported active targeting strategies, two 

studies were involved in the comparison of NPs with targeted and non-targeted conjugating 

ligands, such as cRGDY vs cRADY, and monocyclic peptides (MCP) vs PEG (where there 
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was 0.7 nm difference in HD between the two NPs, Table S2) [152,162]; Meanwhile, other 

four studies investigated the active targeting efficiency of targeted NPs to tumors with both 

overexpressed and underexpressed receptors [157,158,160,161]. In addition, another one 

study used the co-injection of inhibitor in order to understand the targeting of the engineered 

nanocarriers [159]. In contrast to the active targeting via specific receptors, we recently 

reported that renal clearable AuNPs may serve as novel probes to target tumor acidity due 

to the differences in surface chemistry and tumor retention of NPs [163]. These results have 

greatly advanced our understandings in the use of renal clearable NPs for tumor targeting 

and potential drug delivery.

3.2. Emerging renal clearable DDSs

Many ultrasmall NPs have emerged with efficient renal clearance and have been applied 

to cancer diagnosis and imaging, however, only few reports have been accomplished to 

fundamentally understand the in vivo transport and drug delivery of the renal clearable 

nanocarriers, including AuNPs, C′-dots and H-dots. With extensive investigation, these renal 

clearable DDSs have been found to behave uniquely in the in vivo transport processes and 

can overcome a series of physiological barriers for the precision delivery and clearance. 

In 2016, Choi et al. proposed the renal clearable theranostic organic nanocarriers (H-

dots, < 5.5 nm, Fig. 6A) for early tumor detection and potential drug delivery, where 

these organic nanocarriers (especially with the zwitterionic surface chemistry) exhibited 

drastically reduced nonspecific background uptake and efficient renal excretion (> 80%ID in 

4 h) [53,164]. By exploiting the widely used anticancer drug, DOX, as model, we developed 

the renal clearable AuNP-based DDS (DOX@AuNPs, ~5 nm, Fig. 6B) and investigated its 

targeting and elimination profiles based on both the delivery vector and loaded drugs. We 

discovered that the diverse in vivo transport behaviors of the renal clearable DOX@AuNPs, 

rapid tumor targeting and efficient renal elimination, may reconcile the long-standing 

paradoxes between targeting and elimination to many underlying nanomedicines [151]. 

Shortly after a head-to-head comparison in the intratumoral delivery between the 5 nm renal 

clearable and 30 nm non-renal clearable AuNP-based DDSs (namely DDS-5 and DDS-30, 

respectively), we reported that ultrahigh vascular permeability of the renal clearable DDS-5 

plays a more critical role in tumor accumulation, efficacy and therapeutic index of anticancer 

drugs, allowing for the effective delivery with renal clearable nanocarriers [119]. In the 

meantime, Bradbury et al. used renal clearable C′ dots (~7 nm) to delivered a small 

molecular inhibitor (SMI), gefitinib (an epidermal growth factor receptor tyrosine kinase 

inhibitor), to a non-small cell lung cancer (NSCLC) model [165,166], which showed 

favorable pharmacokinetics, high drug loading and efficacy, low off-target toxicity compared 

with free drug. More recently, they also used the targeted C′ dots (Fig. 6C) to investigate 

the delivery and penetration of another SMI, dasatinib, to high-grade malignant brain 

tumor model [167], which led to the initiation of a Phase 1 clinical trial in the glioma 

targeting. The unique features in minimizing the background accumulation via renal 

elimination may successfully improve the safety of these nanocarriers. In addition, some 

other therapeutic modalities in the use of renal clearable NPs have also been investigated, 

such as photothermal therapy [134,136,140], photodynamic therapy [137,168], and image-

guided radiation therapy [138,169]. Moreover, Overholtzer et al. reported that ultrasmall 

PEG-coated silica NPs (< 10 nm) functionalized with melanoma-targeting peptides could 
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induced the ferroptosis in starved cancer cells and cancer-bearing mice, suggesting the 

therapeutic potential [170].

3.3. Precision delivery and clearance of renal clearable DDSs

It is known that delivery and efficacy of nanomedicines can be greatly affected by the 

many physiological barriers during the in vivo transport processes. Different from the many 

conventional DDSs which are typically non-renal clearable, the renal clearable DDSs have 

found some unique in vivo transport behaviors. These intriguing features may facilitate the 

precision delivery and clearance with renal clearable DDSs by overcome these underlying 

physiological barriers, which are concluded in detail as below:

3.3.1. Altered clearance route with prolonged blood circulation—By 

introducing a passivated surface coating using PEGylation or zwitterionization, renal 

clearable NPs can prevent protein adsorption and thus minimize MPS uptake, which 

allows for the enhanced physiological stability and altered clearance to renal pathway. 

Meanwhile, most small-molecule drugs for cancer treatment show high affinity to protein 

binding and rapid hepatobiliary elimination, which results in poor pharmacokinetics but 

acute hepatotoxicity. Then a fundamental question to these renal clearable nanocarriers is 

whether they can minimize protein binding of the loaded anticancer drugs for the altered 

renal clearance as well as improved pharmacokinetics. By loading DOX onto AuNPs, 

we recently reported that the renal clearable 5 nm DOX@AuNPs, or DDS-5, showed no 

observable binding to human serum albumin (HSA) and retained a renal clearable size in the 

physiological conditions [151]. As a result, the DDS-5 can indeed reduce the serum protein 

binding of loaded DOX and carry the untargeted DOX to be efficiently cleared into the 

urine. After analysis, renal clearance of DOX (22%ID) for the administrated renal clearable 

DDS-5 increased to 3.6 and 6.5 times higher than those of free DOX and non-renal clearable 

DDS-30, respectively, at 24 h p.i. In addition, blood DOX retention of DDS-5 (63.7%ID·h/g, 

48-h AUC, area under the curve) was still nearly 10 times higher than that of free DOX 

(7.7%ID·h/g), which was because the renal clearable nanocarriers reduced serum protein 

binding of drug and its hepatobiliary elimination. Therefore, in addition to the efficient 

renal elimination, renal clearable DDS can also increase the tumor targeting of loaded drug 

by 5 times (to 4.1%ID/g at 12 h p.i.) due to the significantly prolonged blood circulation 

compared to the free drug (DOX, with tumor targeting of 0.8%ID/g).

3.3.2. Enhanced intratumoral transport with ultrahigh vascular permeability
—In addition to the prolonged blood circulation, renal clearable DDSs have possessed 

strengths in the intratumoral transport kinetics due to the ultrasmall NP sizes. The vascular 

permeability and intratumoral diffusion coefficient of NPs improve with the decreased NP 

size, which has been extensively investigated for the various NPs in the non-renal clearable 

size range (10–200 nm) [21,85,97,150,171]. By systematically comparing the 5 nm renal 

clearable DDS-5 and 30 nm non-renal clearable DDS-30, we recently reported that the 

ultrasmall DDS-5 exhibited much higher vascular permeability in the extravasation process 

and penetrated deeper in the TME. These renal clearable DDS-5 can efficiently diffused 

into the central areas of tumor environment between two nearby tumor blood vessels and 

also distributed nearly evenly within the whole tumor from peripheral into tumor core areas 
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[119]. As a result, we observed that the DOX carried by ultrasmall DDS-5 extravasated 

from tumor vasculature and penetrated deeply into interstitial space within short time (12 h, 

Fig. 7A); whereas, majority of DOX delivered by large-sized DDS-30 were confined within 

or near the blood vessels, consistent with previous observations. With further analysis of 

tumor cells interacting with DOX across different distance from tumor vasculature (Fig. 

7B–D), we found that the percentages of tumor cells interacting with DOX for the DDS-5 

(36–54%) were 2–5 times more than those of the larger DDS-30 (9–19%). In addition, 

with increased distance-to-vessel (from 30 to 120 μm), the smaller DDS-5 showed greater 

difference from larger DDS-30 in the delivery efficiency to tumor cells (increasing from 2.8 

to 4.7 times, Fig. 7D). Therefore, renal clearable DDS-5 can achieve about 7 times increase 

in therapeutic efficacy compared to non-renal clearable DDS-30 under the same dose 

schedule [119], which was primarily due to the ultrahigh vascular permeability for more 

effective intratumoral drug delivery. In the meantime, this ultrahigh intratumoral penetration 

of ultrasmall nanocarriers have also been found in the dendrimer NPs: By analyzing the 

penetration depth of different sized dendrimers in multicellular tumor spheroids (MCTS), 

Hong et al. reported that the smaller dendrimers (G2-NH2, 2.9 nm in diameter) penetrate 

2.5 folds deeper than the larger dendrimers (G7-NH2, 8.1 nm) [172]. In addition, these renal 

clearable nanocarriers also showed enhanced transvascular and interstitial transport in the 

tumors with poor permeability, including central nervous system (CNS) tumors as gliomas. 

Previously, we reported that the 3 nm renal clearable AuNPs can increase the targeting 

efficiency and specificity to orthotopic murine gliomas by 2.3 and 3.0 times, respectively, 

compared to 18 nm non-renal clearable counterpart [173]. More recently, Bradbury et al. 

reported 7 nm renal clearable targeted C′-dots can achieve favorable tumor diffusion and 

retention in high-grade gliomas as well [167]. These results have greatly advanced our 

understandings on the nanoparticle transport and drug delivery using renal clearable DDSs 

in different tumor models or various types of tumor microenvironment.

3.3.3. Improved efficacy among multiple tumor models—Renal clearable 

nanocarriers increase tumor targeting and drug delivery in a more rapid and effective 

fashion, because they can minimize MPS uptake, and in the meantime, extravasate into 

tumor environment with ultrahigh permeability and reach more population of cancer cells 

[119]. During the past years, a variety of renal clearable NP-based DDSs have been reported 

with significantly improved efficacy as a result of their unique in vivo transport behaviors 

[119,151,165,167]. We investigated and compared the antitumor efficacy of AuNP-based 

renal clearable DDS-5 and non-renal clearable DDS-30 as well as free DOX among different 

breast cancer models, including a well-established human MCF-7 xenograft (Fig. 8A and 

B), the human triple-negative breast cancer MDA-MB-231 xenograft, and primary and 

metastatic (lung) murine 4T1 tumors [119,151]. By precisely tuning the targeting efficiency 

and vascular permeability, the renal clearable DDS-5 improved the therapeutic efficacy (by 

evaluating the efficacious dose, ED, of the different formulas) about 7 times to the MCF-7 

tumor model, compared with non-renal clearable DDS-30 and free DOX [119]. In addition, 

this renal clearable DDS-5 showed significant inhibition not only to primary murine 4T1 

breast cancer (Fig. 8C and D) but also to its metastasis in lung tissues, which successfully 

decreased the surface lung nodule counts to 12.9 and 15.7 times of those of DDS-30 and 

free drug, respectively (Fig. 8E–G). More recently, Bradbury et al. used the targeted C′-dots 
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to deliver the SMIs, and demonstrated enhanced delivery and therapeutic efficacy over that 

of the free drugs in murine xenograft models of non-small cell lung cancer [165] and 

the genetically engineered mouse model of glioblastoma [167]. These results suggest that 

the ultrasmall renal clearable nanocarriers may serve as effective delivery vectors for the 

treatment of various primary solid tumors, metastatic tumors as well as the poorly permeable 

tumors.

3.3.4. Minimized off-target and systemic toxicity—Along with the improved 

efficacy, nanomedicines that are off-target need to be cleared from the body in a 

reasonable time period without inducing adverse effects from either the delivery vectors 

or loaded therapeutics. However, most of the administrated non-renal clearable nanocarriers, 

even including the stealth NPs of prolonged circulation, often have the elevated MPS 

accumulation (30–99% of the injected dose) over time and then undergo long-term exposure 

as hazards during the elimination process [28,29]. This would be one of the greatest 

concerns for the clinical translation of these large, especially, non-biodegradable DDSs 

due to their body retention and potential toxicity. In contrast, renal clearable nanocarriers 

not only deliver drugs rapidly with significant tumor inhibition, but also minimize the 

whole-body accumulation of the off-target drugs due to the altered elimination pathway into 

renal excretion. By analyzing the biodistribution of the renal clearable DDS-5, non-renal 

clearable DDS-30 as well as free DOX, we reported that the renal clearable DDS-5 can 

significantly decrease the accumulation of both NPs and loaded drug not only in the kidney, 

liver and spleen, but also in heart, lung, and background tissues [119,151]. As a result, 

the toxicity of renal clearable DDS-5 to these tissues can be greatly minimized compared 

with non-renal clearable counterpart and free drug. More specifically, free DOX induced the 

acute impairment to liver and kidney functions, from blood chemistry analysis (Fig. 9A–D) 

[151]; whereas, non-renal clearable DDS-30 showed the elevated accumulation and retention 

in liver, spleen and kidney [119]. In contrast, the renal clearable DDS-5 can minimize 

the interaction of both delivery vector and drug with these tissues, which contributes to 

the accelerated body elimination and reduced drug-induced toxicity. Even though the renal 

clearable DDS has smaller size than interendothelial junctions and remains highly permeable 

across normal vasculature, our recent results showed that the renal clearable DDS not only 

minimized the drug accumulation into either heart or lung but also accelerated the drug 

elimination from these background tissues at much faster kinetics (Fig. 9E and F). These 

findings clearly indicated that the renal clearable nanocarriers may successfully minimize 

the interaction of loaded drug with healthy tissues and accelerate body elimination of 

off-target drug. In order to quantitatively understand the improved efficacy and safety, we 

also evaluated the therapeutic index (TI, equals to the toxic dose/ efficacious dose, TD/ED) 

of the renal clearable DDS-5 as well as DDS-30 and free DOX. As a result, we found that 

the renal clearable DDS-5 increases the TI of DOX by one order of magnitude (with 6.7 

times increase in ED and 1.5 times decrease in TD), in contrast to the non-renal clearable 

DDS-30 and free DOX [119]. Therefore, these renal clearable DDSs with both enhanced 

tumor targeting and body elimination can significantly improve the efficacy and safety of 

loaded drugs concurrently, offering new opportunities to nanomedicine translation in the 

future.
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3.3.5. Delivering molecular agents beyond anticancer drugs—By rational 

design, renal clearable nanocarriers with the unique physiological behaviors may modulate 

the in vivo transport and delivery of various types of molecular agents in addition to 

therapeutic drugs. More recently, we discovered in our lab that the engineered renal 

clearable nanoprobe responds to the physiological environment (i.e., glutathione-mediated 

liver detoxification) distinct from molecular imaging agent (as well as non-renal clearable 

nanoprobes), which further enhances tumor selectively of the carried imaging agent 

significantly [174]: By conjugating the clinically available fluorescence molecular probe, 

indocyanine green (ICG), onto the renal clearable glutathione (GSH)-coated Au25 NCs 

to prepare the thiol-activatable fluorescent gold nanoprobe (ICG4-GS-Au25), we reported 

that this novel nanoprobe achieved significantly altered blood retention, improved tumor 

selectivity and body clearance by taking advantage of both the ICG-induced serum protein 

interaction and GSH-mediated biotransformation during blood circulation. As a result, the 

ICG4-GS-Au25 not only enhanced tumor accumulation of both delivery vector (GS-Au25, 

by 2.3 times to 5.4%ID/g) and carried molecular probe (ICG, by 27 times to 4.1%ID/g) 

but also increased the tumor retention time of ICG signal for two weeks. From the 

microscopy imaging of tumor tissue with 24 h post-intravenous treatment of ICG4-GS-Au25, 

strong ICG near-infrared fluorescence signals were found within a large cell population in 

tumor environment (Fig. 10). More specifically, the ICG molecules were mainly located 

in the intracellular endosome-like membrane-bound compartments, indicating the effective 

delivery of these molecular probes. The results suggested that the physiological barriers in 

nanomedicine translation, such as liver detoxification, can be turned into a bridge towards 

maximizing targeting and minimizing toxicity by exploiting such engineered renal clearable 

NP-based nanoprobes.

4. Conclusion and outlook

Fundamental understandings of the physiological challenges to cancer nanomedicines will 

advance the more effective and tenable delivery strategies, which underlies the future 

success in nanomedicine translation into clinics. During the past years, diverse strategies 

have emerged with potential to overcoming the many physiological barriers through 

nanoparticle design and physiological remodeling. Distinct from the current delivery 

strategies, the renal clearable NP-based DDSs with unprecedent in vivo behaviors may 

effectively overcome the various physiological barriers for the precision drug delivery and 

clearance. In this review, we systematically discuss the tumor targeting and clearance of 

renal clearable nanocarriers, as well as summarize the fundamental breakthroughs in the 

transport and elimination processes of the engineered renal clearable nanocarriers. In the 

meantime, we also want to specify that there are still some critical points that need to 

be extensively explored or addressed in the near future before the any possible clinical 

translation and practice of such renal clearable nanomedicines:

• To continually improve delivery by precisely tuning the targeting and clearance. 
While renal clearable DDSs enhance tumor targeting, intratumoral transport as 

well as body elimination without the need of long blood circulation, the next 

question is whether the targeting and clearance of these DDSs can be further 

precisely tuned by improving the blood circulation. The NP size serves as one 
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major factor governing the blood circulation of engineered NPs, therefore, we 

prepared the PEG-AuNPs with sizes (from 5.5 to 7.5 and 9.5 nm in HD, with 

surface coating of PEG 800 Da) slightly above the KFT for the prolonged 

blood retention. Upon the intravenous injection, these AuNPs showed decreased 

renal clearance (from 50.9 to 9.8%ID in 24 h) with the increased HD from 

5.5 to 9.5 nm (Fig. 11A) due to the decreased kidney filtration for larger NPs. 

As a result, these AuNPs exhibited a sharp increase in the blood circulation 

(based on 24-h AUC, Fig. 11B) from 42.7 to 445.5%ID·h/g, with 10 times or 1 

order of magnitude increase in such a narrow size range (~6 nm). Surprisingly, 

the 9.5 nm AuNPs achieved the comparable pharmacokinetics with 90 nm 

PEGylated liposomes, indicating the long blood circulation can be achieved 

with ultrasmall nanocarriers as well. Notably, the 9.5 nm AuNPs showed the 

particle size nearly one order smaller than the 90 nm liposome, which was more 

favorable for the transvascular and interstitial transport in tumor tissues. Next, 

we investigated the 9.5 nm cisplatin-loaded AuNPs (Pt-DDS-9.5) and found that 

the tumor targeting efficiency significantly increased to 9.6%ID/g (AuNPs) at 

12 h post-injection, which was 1.7 times higher than the renal clearable DDS-5. 

As a result, 6.2%ID/g of loaded cisplatin was successfully delivered into tumor 

tissues, and more importantly, there remained high drug concentration (14.4% 

ID/g) in blood for tumor accumulation and retention in long term (Fig. 11C). 

These results indicate that, by changing the DDS size within this narrow range 

(5–10 nm), both tumor targeting and renal elimination can be precisely tuned 

with the engineered renal clearable nanocarriers.

• To deliver anticancer drugs with greater potency and loading stability. The 

renal clearable nanocarriers can significantly increase the tumor selectivity or 

tumor-to-background ratio by not only delivering drugs into tumor tissues at 

high concentration but also minimizing the body accumulation of off-target 

drugs. This will contribute to an improved therapeutic index by the both 

enhanced efficacy and safety. However, the conventional anticancer drugs, such 

as doxorubicin and cisplatin, are only of the modest potency, which normally 

have the IC50 (half maximal inhibitory concentration) to cancer cells at the 

micromolar (μM) scale and above [151]. Therefore, future studies may involve 

in the screening of the highly potent therapeutics, especially the anticancer 

agents with the IC50 near or below nanomolar (nM) level, for the drug loading 

and cancer treatment with these nanocarriers of high tumor selectivity. More 

importantly, the extensive investigations should also be carried on to further 

improve the loading stability of highly potent drugs and physiological stability of 

the DDSs.

• To deliver large molecules and proteins. Due to the ultrasmall size of renal 

clearable NPs, very few studies have been conducted to deliver the large 

molecules or proteins (> 5 kDa) using these ultrasmall nanocarriers. While it 

is known that the large volume of the carried molecules will significantly alter 

the physicochemical and physiochemical properties, the careful selection of the 

cargoes and systematical in vivo investigation are required for the successful 
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delivery. For example, we previously conjugated a monomeric insulin (5.3 kDa) 

onto renal clearable AuNPs at insulin-to-AuNP ratio of 1: 1 and investigated 

the in vivo profile, function and bioactivity of the delivery system [175]. It is 

also worth noting that the Au—S bonding may make it accessible to conjugate 

thiolated large molecules (such as small-interfering RNAs, ~13 kDa) using these 

renal clearable AuNPs, AuNCs or Au—S (gold-sulfur) polymers.

• To evaluate and improve the biosafety of renal clearable nanocarriers. Renal 

elimination of the administrated nanomedicines may significant minimize the 

accumulation and long-term retention of off-target therapeutics in vital organs 

and tissues. Due to the efficient glomerular filtration and minimized interaction 

in renal tubule structures, renal clearable nanocarriers (i.e., AuNPs) have one 

of the fastest elimination rates in kidney (Fig. 12). However, it will take much 

longer time for other organs (liver, spleen, heart, etc.) to eliminate these NPs, 

which remains as a major safety issue to many renal clearable nanocarriers, 

especially, to these hard nanomaterials. Therefore, it is necessary to not only 

minimize the interaction and accumulation of these nanocarriers in healthy 

tissues but also evaluate the short-term and long-term biosafety of the emerging 

nanocarriers systematically. For instance, renal clearable AuNPs have been 

investigated with the no-observed-adverse-effect level (NOAEL) more than 

1000 mg·kg−1 in mice and 250 mg·kg−1 in non-human primates (cynomolgus 

monkeys) [153]. A high biocompatibility of these renal clearable NPs would 

significantly minimize the safety concern and also increase their potential in the 

future clinical practices.

• To combine emerging therapies with renal clearable nanocarriers. The emerging 

therapies, such as immunotherapy, gene editing and gene therapy, have 

demonstrated unprecedent successes in the clinical treatments of cancers as well 

as rare disease like genetic disorders. However, for the broad implementation 

of immunotherapies, the key challenge remains as the controlled modulation 

(activation or suppression) of immune cells [176], including lymphocytes, 

macrophages, dendritic cells, natural killer (NK) cells, cytotoxic T lymphocytes 

(CTL), etc., which is because many therapeutics have shown serious adverse 

effects such as autoimmunity and nonspecific inflammation. Therefore, it is 

critical to not only enhance targeting and therapeutic efficacy but also effectively 

alleviate the adverse effects. Recently, Zhang et al. showed that particle size 

(for NPs of 5–15 nm) may affect the antigen retention and presentation in 

lymph nodes, indicating the humoral immunity may be simply manipulating 

the NP size to produce effectiveness of immunomodulation [177]. While it has 

shown that larger NPs may retain in lymph node for longer time, the ultrasmall 

renal clearable nanocarriers may potentially serve as rapid targeting therapeutics 

after the rational design. Meanwhile, gene therapy is the delivery of nucleic 

acids as therapeutics into the target cells to treat disease. The most clinically 

relevant gene therapies often involve in the use of virus delivery vectors such 

as adeno-associated viruses (AAVs) and lentiviruses, whereas the technology of 

CRISPR-based gene editing therapy (i.e., CRISPR/Cas9 system) has opened new 
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paths to mediating genome engineering with high precision. We believe, with 

more extensive investigation, the renal clearable nanocarriers may achieve more 

fundamental understandings in the delivery of nucleic acids or gene-editing tools 

and related applications [178].

The comprehensive understanding of the above challenges will substantiate the versatile 

medical potentials of these renal clearable nanocarriers. To be noted, it is also critical 

to pay attention to the body’s high sensitivity towards the physicochemical properties 

of nano-DDSs, since our findings suggest that seemingly small variations among these 

nanomaterials can result in significant differences in the nano-bio interactions and also in 

vivo transport behaviors. For example, we recently observed that the seven-atom decrease 

in particle size in the sub-nm regime may enhance the nanoparticle interactions with the 

glomeruli and slow down their renal filtration [179]. Therefore, it is important to precisely 

control the physicochemical properties of these nanomedicines, reduce heterogeneity and 

increase reproducibility [180]. With the joint efforts in the field, we believe the physiological 

understandings and therapeutic potentials of these nanomedicines can be greatly advanced, 

which will eventually contribute to the attainable clinical practice and success in the near 

future.
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Fig. 1. 
In vivo delivery and clearance of cancer nanomedicines. (A) For effective tumor 

targeting and delivery, the administrated nanomedicines generally take a sequential in 

vivo transport route, including circulation in bloodstream, extravasation across tumor 

vasculature, penetration within tumor interstitium to cancer cells, and cell internalization. 

However, a series of physiological barriers may considerably impair the therapeutic outcome 

of engineered nanomedicines: 1) During blood circulation, DDSs may be immediately 

sequestered by the mononuclear phagocyte system (MPS), resulting in shortened blood 

retention; 2) Subsequently, DDS extravasation across abnormal tumor vasculature is 

impeded by the high interstitial fluid pressure (IFP) and poor blood perfusion in tumor 

microenvironment (TME); 3) Next, intratumoral penetration of DDSs can be further limited 

due to the presence of dense extracellular matrix (ECM) and tumor-associated macrophages 

(TAMs); 4) Eventually, cell internalization of DDSs will be affected by their affinity not 

only to cancer cells but also to neighboring non-cancer cells. (B) Therapeutic efficacy 

of administrated nanomedicines is closely related to their delivery effectiveness to the 

population of cancer cells in tumor. Therefore, strategic design of nanomedicines is required 

to successfully overcome these physiological barriers along the in vivo transport route. (C) 

Meanwhile, toxicity of the administrated nanomedicines is largely affected by the different 

elimination pathways as well as the biodistribution and retention in normal tissues.
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Fig. 2. 
Emerging delivery strategies for various cancer nanomedicines. During the past years, 

many breakthroughs have been achieved in understanding the physiological barriers and 

developing novel delivery strategies (in nanoparticle design and physiological remodeling). 

(A-B) During the blood circulation, the MPS serves as one of the most important barriers for 

drug delivery, therefore, many strategies have been applied or proposed to escape the MPS 

uptake and to prolong blood circulation, including surface modification of nanomedicines 

(A) and depletion of liver macrophages (B). (C-D) Throughout the past decades, various 

physicochemical properties of NPs have been investigated to increase the vascular 

permeability of NPs (through EPR-based extravasation or transendothelial transport, C), 

whereas, normalization of tumor vasculature may also serve as a viable approach to increase 

the efficacy of nanomedicines (D). (E-F) The nanoparticle penetration in TME can be 

improved by tuning the physicochemical properties of NPs to facilitate passive diffusion or 

transcytosis (E) as well as by the normalization of dense and disorganized ECM (F). (G-H) 

After successfully overcoming the proceeding barriers, the nanomedicines that are intended 

for active targeting will still need to interact with cancer cells for internalization. Some 

strategies to potentially address this challenge includes rational nanoparticle design (in size, 

charge, geometry and surface conjugation, G) as well as the depletion of non-cancer cells 

(such as tumor-associated macrophages and fibroblasts, H).
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Fig. 3. 
Representative engineered renal clearable NPs of various sizes and compositions. (A) 

Zwitterionic glutathione (GSH)-coated gold nanoclusters (Au25SG18, ~2 nm), ref. [128,174]. 

(B) Zwitterionic GSH-coated gold nanoparticles (GS-AuNPs, 3.3 nm), ref. [149]. (C) 

Organic β-cyclodextrin (β-CD)-ε-polylysine (εPL) NPs (H-dots, CDPL NPs, 4.6–4.9 

nm), ref. [53]. (D) PEGylated AuNPs (PEG-AuNPs, 5.5 nm), ref. [51]. (E) Zwitterionic 

CdSe/ZnS quantum dots (QDs, 4.4–8.7 nm), ref. [9]. (F) Polyvinylpyrrolidone (PVP)-coated 

copper sulfide nanodots (CuS NDs, 5.6 nm), ref. [136]. (G) PEGylated core-shell silica-

based NPs (C-dots and C′-dots, ~7 nm), ref. [127,152]. The sizes in (A-G) are reported in 

hydrodynamic diameter (HD). (H-I) In addition to the ultrasmall NPs (A-G), small-molecule 

probes and biodegradable nanomaterials, some large nanomaterials have also been reported 

to be renally clearable, such as single-walled carbon nanotubes (SWCNTs, average length 

200–300 nm, diameter 0.8–1.2 nm, H, ref. [129]) and multi-walled carbon nanotubes 

(MWCNTs, length 0.5–2.0 μm, diameter 20–30 nm, I, ref. [148]). (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 4. 
Tumor targeting (passive) and renal clearance of renal clearable NPs with different sizes. 

The NP size, renal clearance and targeting efficiency, were plotted from the data sets 

in Table S1 in supplementary information. As a result, the NPs with more efficient 

renal clearance (> 80%ID) would generally have lower targeting efficiency (< 3%ID/g). 

Meanwhile, the renal clearable PEG-AuNPs (asterisk (*) in the figure) were found to have 

higher tumor targeting efficiency compared to other NPs of similar sizes, which might be 

due to the density-dependent margination effect in tumor blood flow and resulting enhanced 

NP extravasation, ref. [156]. To be noted, the renal clearance efficiencies were mainly 

quantified based on the recovery percentages (ranging from 24 to 168 h post-injection) of 

the administrated NPs in urine from the reports; the targeting efficiencies were analyzed as 

the NP accumulation in tumor at selected time points (at least 6 h post-injection) from the 

reports.
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Fig. 5. 
Tumor targeting (active) and renal clearance of renal clearable NPs with different sizes. The 

NP size, renal clearance and targeting efficiency were plotted from the data sets in Table S2 

in supplementary information. As shown above, the renal clearable NPs (i.e., C-dots) could 

achieve much higher targeting efficiency (2.6-fold increase, median) among many cancer 

types by the targeted strategy compared to non-targeted ones. This would allow for the both 

enhanced tumor targeting and body elimination.
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Fig. 6. 
Representative renal clearable NP-based DDSs. (A) Renal clearable organic nanocarriers 

(H-Dots, CDPL, < 5.5 nm) in the proposed loading (within the β-CD cavity) and delivery 

of anticancer drugs, ref. [53]. (B) Renal clearable AuNP-based DDS (DOX@AuNPs, 4.8 

nm) in the loading (via π-π stacking and PEG shielding) and delivery of the small-molecule 

drug, doxorubicin (DOX), ref. [151]. (C) Pegylated ultrasmall silica NPs (C′-dots, ~7 nm) 

in the conjugation and delivery of small molecular inhibitors (SMIs) such as dasatinib and 

gefitinib, ref. [165,167].
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Fig. 7. 
Enhanced vascular permeability and intratumoral drug delivery of renal clearable AuNP-

based DDS. (A) From the confocal microscopy imaging, renal clearable DDS-5 showed 

increased tumor accumulation and intratumoral diffusion in TME compared with non-renal 

clearable DDS-30 within 12 h post-injection. (B-D) With the quantitative analysis of cell 

percentage (cell%) interacting with DOX across different distances from tumor blood 

vessels, renal clearable DDS-5 showed much greater accumulation and deeper penetration 

versus non-renal clearable DDS-30. This was primarily due to the unique strengths of the 

DDS-5, the ultrasmall size and ultrahigh vascular permeability, for the rapid tumor targeting 

and efficient drug delivery, ref. [119].
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Fig. 8. 
Improved antitumor efficacy of renal clearable DDS among primary and metastatic tumor 

models. (A-D) Normalized tumor growth curves and survival rates of the MCF-7 xenograft 

(A, B) and 4T1 primary (C, D) tumors, respectively, during the successive treatments. For 

A and C, ***P < .0005, ****P < .0001 (One-Way ANOVA, n = 5). For B, *indicates P < 

.05, < 0.005, < 0.0005 for DDS-5 versus DDS-30, free DOX and PBS, respectively; For D, 

**indicates P < .001 for DDS-5 versus DDS-30 and free DOX, P < .0005 for DDS-5 versus 

PBS, respectively (Kaplan-Meier, n = 6–8). (E) Images of mice lungs after the successive 

treatments (day-23). Scale bar, 1 mm. (F) Nodule counts of the metastatic lung tumors after 

treatments. *P < .05, **P < .01, ***P < .001, ****P < .0001. Box indicates median and 

s.e.m. (G) Lung tumor nodule sizes. ****P < .0001. Box indicates median and 25–75% 

interquartile range (n = 5). Adapted from ref. [119,151].
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Fig. 9. 
Minimized toxicity of loaded drug (DOX) using renal clearable nanocarriers. (A-D) 

Blood chemistry analysis after successive treatments, suggesting the renal clearable DDS 

(DOX@AuNPs) can minimize the impairment of DOX to liver and kidney functions. 

Aspartate transaminase, AST (A), alanine aminotransferase, ALT (B), blood urea nitrogen, 

BUN (C), creatinine, CREA (D). *P < .05, ****P < .0001, NS, not significant (n = 4 for 

DOX@AuNPs and PBS; n = 3 for free DOX, where one animal died during study). (E-F) 

DOX biodistribution study, showing renal clearable nanocarriers can significantly minimize 

the drug accumulation and retention in vital organs, including heart (E) and lungs (G) (n = 

3). *P < .05, **P < .01, ***P < .005, ****P < .0001 (Student’s t-test). Adapted from ref. 

[151].
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Fig. 10. 
Enhanced intratumoral delivery of molecular probes (ICG) using renal clearable 

nanocarriers. From tumor fluorescence imaging with 24 h post-intravenous treatment of 

ICG4-GS-Au25, ICG (green) was efficiently taken up by tumor cells and located in 

endosome-like membrane-bound compartments (lower left, enlarged view), indicating the 

renal clearable nanocarriers, AuNCs, effectively deliver these molecular probes into tumor 

sites, ref. [174]. BF, bright field, FL, fluorescence; Scale bars, 6 μm for the enlarged view 

lower left and 20 μm for the rest. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 11. 
Precise tuning of renal clearance, pharmacokinetics and tumor targeting with renal clearable 

DDSs. (A) The size of ultrasmall AuNP-based nanocarriers can be precisely tuned near or 

above the KFT (5–10 nm), so that the renal clearance efficiency can be decreased (from 50% 

to 10% ID, for AuNPs from 5.5 nm to 9.5 nm) for longer blood circulation. The AuNPs of 

5.5, 7.5 and 9.5 nm were prepared with different core size and the same PEG surface coating 

(PEG 800 Da). The renal clearance was collected as the average of three mice. (B) As a 

result, the blood circulation of these nanocarriers (in terms of 24-h AUC, see Table. S3 for 

pharmacokinetic parameters) can be increased by 10 times or 1 order of magnitude within 

the 6 nm size window, which allows for the prolonged blood retention of the 9.5 nm AuNPs 

(AuNP-9.5) to be comparable with that of 90 nm PEGylated liposome (Liposome-90). 

(C) Due to the improved blood circulation, the 9.5 nm cisplatin-loaded AuNP-based DDS 

(Pt-DDS-9.5) can achieve 25.2%ID/g AuNPs and 14.4%ID loaded cisplatin concentrations 

in blood at 12 h post-intravenous injection. More importantly, this ultrasmall DDS with 

ultrahigh vascular permeability enables the significant tumor accumulation of not only the 

delivery vector but also the loaded drug (in 4T1 tumor model, n = 3).
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Fig. 12. 
Distribution and elimination of renal clearable nanocarriers (AuNPs) in blood and vital 

organs. (A) Distribution of the renal clearable nanocarrier, AuNPs, in both blood and the 

vital organs (kidney, liver, spleen, and heart) on 1, 7 and 30 d post-intravenous injection (n 
= 3). (B) Normalized distribution and elimination kinetics of renal clearable AuNPs within 

30 d. Compared with blood and other organs, the kidney showed one of the fastest clearance 

rates of renal clearable AuNPs within 30 d.
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